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Abstract— This paper studies the design of an d control
approach for uncertain linear discrete-time Wireles Networked
Control Systems. Subsequently, the proposed work dases on
the modelling of a dynamic output feedback controbir that deal
with the different problems (interferences, delays}hat can affect
the network behaviour in order to maintain the meansquare
stability and to improve the Hwo disturbance attenuation
performance of the studied system. Specifically, eéhtime-varying
packet dropouts over imperfect communication channs of the
wireless network are introduced as norm-bounded urertainties
and stochastic parameters. The controller state paraeters are
specified based on an iterative LMI approach. Numenal
simulation results, using True Time distributed bloclks with
communication over a wireless network, are carriedout to
illustrate the efficiency of the proposed results .

Keywords— Wireless Networked Control Systems — Distributed
control — Wireless protocols - Packet dropout — Iteative LMI -
Robust control Uncertainty - Dynamic state feedbek
controller .

I. INTRODUCTION

The Networked Control Systems (NCSs) are a digeibu
components (actuators, sensors and controllersthwhre
interconnected by a shared limited medium commtioica
network.

Obviously, in order to ensure an efficient commatian
there must be taken into consideration the netvedf&cts:
congestion, packet loss, transmission delay, ietence

Physical wires has been the traditional
interconnecting these systems. This method is estparand
hard to maintain specially in large networks.

com
.com

resource constrained or low-power node and sectely
design could be extended by adding new subsystems.

Further, Wireless NCS are challenging researchecause
transmission between neighbour nodes depends on
collisions that might happen when nodes try tognaih at the
same time, (2) the amount of power used to sera @3} the
used protocol.

The main standards protocols in wireless commuioicat
are: Wireless Local Area Networks (WLAN/WiFi 802)11
Wireless Personal Area Networks (ZigBee 802.15) and
Wireless Metropolitan Area Networks (WiMAX).

The effectiveness of NCSs was proven in many dosnain
such as Swarm Robotics, Multi-Camera Real Time Kinag
Internet and transportation [1] [2] [3] and Mobi®ensor
Networks [4].

The contribution of this paper is a study oHa control
approach for linear discrete-time Wireless Netwdridontrol
Systems with stochastic uncertainty and time-vayypacket
loss. In this paper, we have study the stabilityhe closed
loop system for WNCS, thus we modelled the packepalut
as, stochastic Bernoulli white sequence parametgiaanorm-
bounded uncertainties. Then we proceeded to achieve
mean square stability of the uncertain system wéthdom
data loss based on an ILMI method.

The paper is organised as follows: Section 1 pewithe
introduction into the research purpose and pregémetdasic
concepts of WNCS. Section 2 provides the systerorifei®on
and the problem formulation. Section 3 provides dtability
analysis of the closed loop system and the coetralésign.

@)

way ®ection 4 illustrates via a numerical example tifiecveness

and the validity of the designed controller to iy the Ho
disturbance attenuation performance of the uncesdgstem

Due to the expansion of the wireless communicatiof, wireless network.

researchers focuses on reaching the network conieol
wireless networks in order to support emerging et
application, to deliver more quality of servicesnhore users
in less time and to achieve benefits in terms dfbdity,

wiring (less cabling), implementation (handling tmple

geographically distributed nodes) costs and maartea
(efficient monitoring and less restrictive contealtion over a
distributed computation).

Il. SYSTEM DESCRIPTION AND PROBLEM FORMULATION

A. System Description

Being considered the WNCS with time-varying packet
dropouts, the state space representation of that g
described by:

Moreover, the WNCS are considered as a very flexibl

NCS since, first they could be easily implementedneon
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X1 = (A+AA) % + By+ B,w= A x+ Be B w Cs=(1-B8)C;D=[D 0 ¢
ys = O + G, W (1) Ay By and Cy C, are the controller matrices to be

Z, = Dx, determined. For that purpose, we define thscrete time-
varying systen{8) with stochastic parametetsandg:

Where x, OR" is the state signaly, OR™ is the control - =
X I . hg g K o I X _|:&+1:|_{ A BQU] X _{ By }V‘&
input signal, OR" is the disturbance input signal, k1 7 & - = k =
put - signal, W put sl BxC  Au Bur G (8)

Xic+1
p . . r. - ..
ys. ORPis the megsurement output signal andl R" is the 2 :[ B OJ %,
controlled output signal. ) ) )
The parameter uncertaintiés? is described as: We proceed with the segregation of stochastic petens
||AA|| <p ) in (8) into stochastic part and deterministic pas,obtain:
<p, —\—

The measurement with packet loss and the contpltisent Xyt =(A+AA) Xy +((6¥—6_¥) At (ﬁ—ﬁ) Qg) X
over the network are given by: _ N\

Yoo = (1 B) Y5+ B Y *Buwic+(£-B) B ©

3 = DX
u =(1- a)ug+ auy A k

Where y, ORP is the output signalig, JR™ is the control Where
signal anda and 8 are a mutually independent stochastic _ A BCy| -~ |As —B,Cy
variables that follow Bernoulli distributed whisequence [5]: BirC: Ay A = 0 0

prob( x= i)z{E(x)=§< for i= 0 @ /KB{ A O}.EN {BBW }

1-E(x)=1-x fori=1 BuCs O +Cu,
The WNCS representation for uncertain system watta doss _ B
is derived from(1) to (4)and given by: B, :{ 5 B },D =[D o]
X = (A+AA) % + By + B, Wy o
ys. = Cx + G, W - A aB 0 (1-a)B
U =(1- a)ug+ a ug A=| 0 a0 |B;=|(1-a)l
-5 3 0
Yk:(l_ﬂ))’3<+ﬂ¥<—1 1 'B)C 0 Al L
B. Problem formulation A = 8 ? g B = I|3 A = 8 g 8
In order to study theédo stability of the above uncertain "7 e B ’
system, we have defined for the augmented form hef t 0 0 0 0 € 0 |
system (6) and the dynamic controller (7) such as: 0
X = A%+ Bug + B, w By=| O ;clz[(l—ﬁ)c 0 ﬁq;cﬂ:[—c 0 1]
Yo =Cx+ G ©® [
7 = DXy
A A [ll. STABILITY ANALYSIS AND CONTROL DESIGN
+1 = P tr n order to study the stability of the uncertainctastic
X1 = Ao X+ B Yo (7y Inord dy the stability of th chta
ug, = Gy X% %ystem(Q) we proceed with the design of the controller (7)
Where: such that the closed loop system satisfies therégairements
' mentioned here below:
X | | AtAA aB 0 ((1_ a)) B 1- The Ho mean square stochastic stability of the closed
X1 = | Ug | A= 0 al 0 |;B=|(Xa)l]| . loop system.
Vi (1- p)c o pI 0 2- The Ho performance disturbance attenuation under
zero initial condition
B, A. The Ho mean square stochastic stability
éw - 0 ;é=[(1— ﬁ) C 0 ﬁ'} : The following theorem_ gives__suﬁicient cond_itionrfthe
Hoo mean square stochastic stability for the studiédioS.
(1= A)Cw
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Theorem 1: The systen{9) is mean square stable if there exisichieved if there exists a positive definite matfixand a
a positive matrix P satisfying the LMI (10). scalarg >0 satisfying LMI (15).

Proof: by defining the Lyapunov ~ WherevV, 3[(67—6—72) and v :\/(ﬁ—ﬁz)

matrix, it follows from(9) that:
T e AR L I
" (11) which can rewritten as:
= B X1 PXyur) = XE PXc= X0 X, T Tx
k k
Where: Eﬂ } /{ }} (17)
T _ == W W
®=(A+A) P(A+dA+(a-a%) BT P 1) Where:
+(B-B%)As" PA-P /\{/\1 AZT}
By applying Schur complement, we conclude tthet 0 APIRNA

if and only if (10) holds.
® <0Then:

X T ® X, < -0(-D)X, " X, <=3 X, X, < Oy (X)  (13)
14 nT AL A n_n2\nT Dby
A, =B, P( A+ A)+(B- P
Where 0< &< min@y, (®),8pa P)) : =B P(A+ A)+(5-5°) B Py
From (13),we infer that: Ay=B," P_BN*'(,E‘,EZ) B, PB -4
o The function in (16) is definite negative if;

B{V (Xior) | Xier X -+ Xo} 5(1‘;]k V(%) (14)

From (14) and using results in [6] we come to theatusion A= N A2T <0 (18)
that the system (9) is mean square stable. Thepriaf is B A, Ag

lished .
accompishe By applying Schur Complement on (18), we get thel (Ab).
B. Robust controller design Hence, from (16), (17) and (18) we conclude that:
In this section we investigate theoH performance E{V(Xk+1)} —E{V( Xk)} +E{ 7 %} —¢2E{ h Vb& <0 (19)
disturbance attenuation for the closed loop syst@nThe
main result is formulated in the following theorem.

Theorem 2: The controller (7) is designed so that the closeiE{"Zkuz} <¢ZZE{||V\4<||2} +E{ \6} —E{ \4,} (20)
= k=0

By summing up (19) from 0 ® we find:

loop system (9) is exponentially mean square staht the

robust disturbance attenuation, under zero inttaddition, is . .
Which achieves the proof.

-P A" +4,] A Ag'
A+n,  -P7 0 0
_ - 10
A, o -(a-a?) P 0 <0 (10)
A, 0 0 ~(B-7?) P
-p 0 (A+3,) P V,ATP v, AP T
0 -¢° B, P 0 VgB/P 0
P(A+D,) QB -p 0 0 0 <o (15)
Vv, PA, 0 0 -P 0 0
VsPA; Y, PBy 0 0 P 0
D 0 0 0 0o -l
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C. The uncertainty conversation Where :

Based on the obtained result of theorem 1 and ¢ned, r=Cyu,J F*r,=zGA,JF!
and the S-procedure theorem in [7] we can easitiude the _ R (25)
LMI (22). My =ZGB, Z=FE

In order to derive the controller parameters, welpapa The feasibility of (24) is conditioned by the ndngular

suitable congruence transformation of (21). Fos toal, the matricesJ, G chosen such thaBJ" = | - EF
matrix P is partitioned as:

Consequently, the controller parameters in (7) lwardeduced as

E G F 31! follows:
P= = >0 22 -1
{GT D} LT D} %2 Ay =GZ7r,(zF-1) zG
Where E, F are /x/¢ symmetric positive-definite matrices; B. =c iz (26)
G, J are non-singular matrices ahdl denotes matrix block ctr 3
that is irrelevant for the derivation of controlfgarameters. Cur = Fl(ZF_l -1 )ZG
From PP! = | we conclude that the transformation matrices R
E o | E By applying a linear transformatiok, = ZGx,, we get a new
We =LT O} , We ={ T} satisfying : representation of the controller (7):
R = A X+ By X
PY- =W W Pp=w.r §23 {u“’ ¢ " r (27)
We performed a first congruence transformation2df) (with K ar X
M =diag(We,1,We We We I 1 1) onthe right and™ on where -
the left with considering equalities (23). A secamhgruence . 4t
transformation withr :diag(F‘l, LIE™S E™L E~L 1) Ao = Z(ZF _l)
is then applied on the right and on the left, teegihe LMI B =13
(24). Cow =2 (2ZF 1)
- -P 0 AP V,ATPV;A'PDT 0 Al
0 -¢°l B,JP 0  VzBSP 0 0
PA PB, -P 0 0 0 pP O
v, be O_ 0 -P 0 0 0 0.o 1)
D 0 0 0 0 ol 0 0
0 0 PP 0 0 0 -1l 0
Al 0 0 0 0 0 0 -4l
i _F_l * * * * * * * * * * * ]
_F_l _E * * * * * * * * * *
0 0 _¢2| * * * * * * * * *
A. + B_]_rl Aﬁ_ B2 — F * * * * * * * *
A+T3C+ Bl +T AT Cy BT Cy -Z -z *r x x roxor o
.\/G(AI_BGrl) .\/(1 Al O O 0 _F * * * * * * <O (24)
Vo (A, —B,I) Vo A 0 0 0 -z -z * * * x x
\/ﬁ Aﬁ '\/ﬁ Aﬁ \/ﬁ Bﬁ 0 0 0 O _F * * * *
Vo(As+TsCs) V(A +T3Gs) Vp(B-TCy) 0 0 0 0 -z -z * * »
Dy Dy 0 0 0 0O 0 0 0 -I * *
0 0 0 PF pZ 0O O 0 0 0 -4l *
i Al Al 0 0 0 0O 0 0 O 0 0 -]
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We proceed to turn all constraints into LMI (24pr that we 0.5

note: B, =|0.1 ,CW={O'1}D=[O.1 0 §p,=00
s=F* (28) 0.2 03
To 50_|Ve the obtained LMI, we have to solve thebfem The simulation results are carried out using MATLAB
below: _ YALMIP [9] , the SeDuMi solver [10] and the Truetm
min ¢ (29)simulator [11].

Subject to(24), (25) and( 29
For the variablep, and the symmetric positive idéé
matrices E £ S 4, [, [I; and the positive scala

Based on random communication dejey 3 =0.1, with
10° accuracy, theie performance ig . =0.448, this result

is obtained in 87 iterations.

The closed loop state trajectories under wirelessvark

To solve the abovementioned non-convex optimizati(z?gBee (IEEE 802.15.4re illustrated in the Fig. 1.
problem, we have adopted the SLPMM (Sequential drine

Programming Matrix Method) [8] and the SDP (Semfibiee
Programming) for the relaxation of the constraints:

Then S= Fland Z = E™ holds if and only if :

S | Z |
[I F}>O , L E}>O ., Trace{ SA=¢ and

Trace( ZE = ¢ hold.

The non-convex problem (29) can be resolvefifging a
feasible solution for the above problem:
min (Trace{ S+ Tracé Z[f+¢?) (30) A
Subject to(24) (25) and( 29
For the variablep, and the symmetric positive idéé e e SRt by
matrices E F S 74, ', '3 and the positive scalga D R S e e A i ————————

. ! T h
— nominal system without stochastic parameters
— uncertain system with stochastic i

T T T T T
| | | | |

1 | | | |

= nominal system without stochastic Parameters
—— uncertain system with

state variable x1(k) response

We propose the following ILMI (iterative LMI) algihm
to solve (30) in order to achieve the computatidntre
parameters of the studied controller:

1- Find the initial pointE®, F°,S ,7 such that the LMIs (24)
hold and setp,,;,, = ¢

2-Find EX,F* & | Z, r.r,,r;,A by solving: Step
min(Trace( SE+ & B+ Trade ZE+ ‘Z)E¢2)

state variable x2(k) response

Subject to(24) (25 and( 2§

|
|
: — nominal system withot stochastic parameters ||
3 ) If ‘Trace( Sr_k + é $+ Tra* ZiE+ lz )E-¢2‘ < 4€ _Unc?na\n)sly[st:inv[vithL:to::Eastic[ p y E
|
|

then @, =min{@,@.;,,} . The solution is
E,F,S z,,I,, 3,4, and compute the controller

parameters (26)
Elsek= k+1 then go to step 2, until finding a feasibtdution.

state variable x3(k) response

[T B
|
|
|
F---
|
|
|

-
N
-
=
=
1
=
®
N}
S

IV. SIMULATION RESULT

In this section we propose the application of tlnespd Fig. 1. The closed loop stat_e trajectories of yetesn controlled via the
control approach to a numerical example in ordevaiidate wireless network
the presented theoretical results. System parasnatergiven
by:
0.9226 -0.6330 O 1
A=l 1 -0.44 0 |,B=|0 15| C=
0 1 -0.42 0 061

It is obvious from the state space trajectoriethefclosed
loop system that the system is exponentially megumare
4738 5287 0 stable, which prove the validity of the adoptedrapgh.

[2.14 0 12.287}
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—— Rohust Perforance - urder zeroiritial cordition|
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Fig. 3. Robust performance under zero initial ctiadi

The simulation result under null initial conditionsis
presented in Fig.2. By noting thgt =0.448, the obtained

result shows that thesbiperformance is achieved.

V. CONCLUSIONS

This paper proposes the design of a rolblist dynamic
feedback controller in order to stabilize Wirelééstworked
Controlled Systems which is subject to uncertaiatyd
stochastic data loss. The stability is studiedhe $ense of
mean square stability. Simulation results via nucadr
example shows the behaviour of the WNCS and have
demonstrated that the proposed approach is relevant
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